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3.1. Finite Element Modeling 
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3.3. FE Stress Analysis 
7RGHULYHYDULDWLRQRIVWUHVVGLVWULEXWLRQVZLWKQHXWURQLUUDGLDWLRQGXULQJGHVLJQOLIHWLPHDQGFRQWLQXHGRSHUDWLRQ
YLVFRHODVWLFSODVWLF)( VWUHVV DQDO\VLVZDVSHUIRUPHGE\XVLQJ WKHPDWHULDO SURSHUWLHV > @ FRQVLGHULQJQHXWURQ
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/6&ZHUHIL[HGZLWK]GLUHFWLRQ1RGHVRQRXWHUERWWRPOLQHZHUHDVVXPHGWREHIL[HGZLWK]GLUHFWLRQ$OOVXUIDFHV
FRQWDFWHGZLWKWKHUHDFWRUFRRODQWZHUHDVVXPHGWREHVXEMHFWWRWKHUHDFWRUFRRODQWSUHVVXUHPD[03D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VXUIDFH >@&RQVLGHULQJ ]HURIORZ IXHO DVVHPEO\ZHLJKW DGGLWLRQDO SUHVVXUH03DZDV DSSOLHG WR WKH WRS
VXUIDFH>@
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)LJXUH  VKRZV YDULDWLRQ RI WKH YRQ0LVHV HIIHFWLYH VWUHVV GLVWULEXWLRQDW VWHDG\ VWDWH GXULQJ UHIXHOLQJ QRUPDO
RSHUDWLRQ ZLWK LQFUHDVLQJ WKH RSHUDWLQJ WLPH $V VKRZQ LQ WKH ILJXUH LW LV LGHQWLILHG WKDW PD[LPXP YRQ0LVHV
HIIHFWLYHVWUHVVLQFUHDVHVDQGGHFUHDVHVZLWKLQFUHDVLQJWKHRSHUDWLQJWLPHDQGWKRVHRFFXUDWWKHKROHVFRQVWUDLQHG
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 FWKUHIXHOLQJ GWKUHIXHOLQJ
)LJ9DULDWLRQRIWKHYRQ0LVHVHIIHFWLYHVWUHVVGLVWULEXWLRQDWVWHDG\VWDWHGXULQJUHIXHOLQJQRUPDORSHUDWLRQZLWKLQFUHDVLQJWKHRSHUDWLQJWLPH
XQLW03D
'XFWLOLW\'HJUDGDWLRQ$VVHVVPHQW
%DVHG RQ WKH GHULYHG VWUHVV GLVWULEXWLRQV GXFWLOLW\ GHJUDGDWLRQ GDPDJH LQGLFDWRU ZDV FDOFXODWHG XVLQJ WKH
DVVXPHG FRUUHODWLRQ DQG WKHQ WKH VWUHVV WULD[LDOLW\ HIIHFW RQ WKH GXFWLOLW\ GHJUDGDWLRQ GDPDJH LQGLFDWRU ZDV
LQYHVWLJDWHG
4.1. Calculation of Ductility Degradation Damage Indicator 
'XFWLOLW\GHJUDGDWLRQGDPDJHLQGLFDWRUZDVGHILQHGDVDUDWLRRIHTXLYDOHQWLQHODVWLFVWUDLQWRWKHIUDFWXUHVWUDLQ
GHSHQGHQWRQVWUHVVWULD[LDOLW\DVIROORZV
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ZKHUH STfH ZDVFDOFXODWHGYLDWKHHTXDWLRQVDQG
)LJXUH  GHSLFWV YDULDWLRQ RI WKH GXFWLOLW\ GHJUDGDWLRQ GDPDJH LQGLFDWRU GLVWULEXWLRQDW VWHDG\ VWDWH GXULQJ
UHIXHOLQJQRUPDORSHUDWLRQZLWKLQFUHDVLQJWKHRSHUDWLQJWLPH$VGHSLFWHGLQWKHILJXUHLWLVIRXQGWKDWPD[LPXP
GXFWLOLW\ GHJUDGDWLRQ GDPDJH LQGLFDWRU LQFUHDVHV ZLWK LQFUHDVLQJ WKH RSHUDWLQJ WLPH DQG WKRVH RFFXU DW ERWWRP
VXUIDFHRIWKHKROHFRQVWUDLQHGZLWKWKH/6&7KHILJXUHVKRZVORZYDOXHVRIWKHPD[LPXPGDPDJHLQGLFDWRUVOHVV
WKDQ


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F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GWKUHIXHOLQJ
)LJ9DULDWLRQRIWKHGXFWLOLW\GHJUDGDWLRQGDPDJHLQGLFDWRUGLVWULEXWLRQDWVWHDG\VWDWHGXULQJUHIXHOLQJQRUPDORSHUDWLRQZLWKLQFUHDVLQJWKH
RSHUDWLQJWLPH


)LJ9DULDWLRQRIWKHPD[LPXPGDPDJHLQGLFDWRUKLVWRU\DWQRGHDFFRUGLQJWRFRQVLGHUDWLRQRIWKHVWUHVVWULD[LDOLW\HIIHFW
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 DVWUHVVWULD[LDOLW\ EIUDFWXUHVWUDLQ
)LJ7LPHKLVWRULHVRIVWUHVVWULD[LDOLW\DQGIUDFWXUHVWUDLQDWQRGH
4.2. Investigation of the Stress Triaxiality Effect on the Ductility Degradation Damage Indicator 
)URPYDULDWLRQRIWKHPD[LPXPGDPDJHLQGLFDWRUKLVWRU\DWQRGHDFFRUGLQJWRFRQVLGHUDWLRQRIWKHVWUHVV
WULD[LDOLW\HIIHFWSUHVHQWHG LQ)LJ LW LV LGHQWLILHG WKDW WKHUH LVGLIIHUHQW WUHQGDFFRUGLQJ WRFRQVLGHUDWLRQRI WKH
VWUHVVWULD[LDOLW\HIIHFW7KHQRGHLVDQRGHWKDWPD[LPXPGDPDJHLQGLFDWRURFFXUVDWVWHDG\VWDWHGXULQJWKH
WK UHIXHOLQJQRUPDORSHUDWLRQVKRZQ LQ)LJG ,QFDVH WKDW WKHVWUHVV WULD[LDOLW\HIIHFW LVQRWFRQVLGHUHG WKH
PD[LPXPGDPDJHLQGLFDWRUGURSVDELWHYHU\UHIXHOLQJVWRSEHFDXVHFRQVWDQWHTXLYDOHQW LQHODVWLFVWUDLQPDLQWDLQV
ZKLOHWKHIUDFWXUHVWUDLQLQFUHDVHVZLWKWHPSHUDWXUHGHFUHDVHGXULQJWKHUHIXHOLQJVWRS2QWKHFRQWUDU\LIWKHVWUHVV
WULD[LDOLW\ HIIHFW LV FRQVLGHUHG WKH PD[LPXP GDPDJH LQGLFDWRU LQFUHDVHV VKDUSO\ HYHU\ UHIXHOLQJ VWRS 7KLV LV
EHFDXVH FRQVWDQW HTXLYDOHQW LQHODVWLF VWUDLQ PDLQWDLQV ZKLOH WKH IUDFWXUH VWUDLQ GHFUHDVHV UDSLGO\ GXH WR GUDVWLF
LQFUHDVH RI WKH VWUHVV WULD[LDOLW\ GXULQJ WKH UHIXHOLQJ VWRS DV VKRZQ LQ )LJ  7KH GUDVWLF LQFUHDVH RI WKH VWUHVV
WULD[LDOW\DWWULEXWHVWRIDOORIYRQ0LVHVHIIHFWLYHVWUHVVWRDOPRVW]HURGXHWRQRH[WHUQDOORDGLQJGXULQJWKHUHIXHOLQJ
VWRS
,QIDFWLWLVGHHPHGWKDWWKH/&3LVQHYHUIDLOHGGXHWRGXFWLOLW\GHJUDGDWLRQZLWKRXWXQH[SHFWHGH[WHUQDOORDGLQJ
GXULQJ UHIXHOLQJ VWRS6R LI WKHGDPDJH LQGLFDWRUVGXULQJ WKH UHIXHOLQJ VWRSV DUH LJQRUHG LW LV LGHQWLILHG WKDW WKH
FRQVLGHUDWLRQRIWKHVWUHVVWULD[LDOLW\FDQJHWORZHUGXFWLOLW\GHJUDGDWLRQGDPDJHLQGLFDWRU
&RQFOXVLRQ
)URPWKHVWXG\DERXWVWUXFWXUDOLQWHJULW\RIWKH/&3LQWKH3:5VFRQVLGHULQJWKHVWUHVVWULD[LDOLW\HIIHFWRQWKH
GXFWLOLW\GHJUDGDWLRQWKHIROORZLQJFRQFOXVLRQVDUHGHULYHG
x 7KHPD[LPXPYRQ0LVHVHIIHFWLYHVWUHVVLQFUHDVHVDQGGHFUHDVHVZLWKLQFUHDVLQJWKHRSHUDWLQJWLPHDQGWKRVH
RFFXUDWWKHKROHVFRQVWUDLQHGZLWKWKH/6&
x 7KHPD[LPXPGXFWLOLW\GHJUDGDWLRQGDPDJHLQGLFDWRULQFUHDVHVZLWKLQFUHDVLQJWKHRSHUDWLQJWLPHDQGWKRVH
RFFXUDWERWWRPVXUIDFHRIWKHKROHFRQVWUDLQHGZLWKWKH/6&
x 6WUXFWXUDOLQWHJULW\RIWKH/&3DJDLQVWGXFWLOLW\GHJUDGDWLRQZLOOEHPDLQWDLQHGGXULQJWKHGHVLJQOLIHWLPHDQG
FRQWLQXHGRSHUDWLRQ
x &RQVLGHUDWLRQRIWKHVWUHVVWULD[LDOLW\FDQUHGXFHFRQVHUYDWLVPLQDVVHVVLQJWKHVWUXFWXUDOLQWHJULW\
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